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ABSTRACT
We obtained high-resolution, high-contrast optical imaging in the SDSS i′ band with
the LuckyCam camera mounted on the 2.56m Nordic Optical Telescope, to search
for faint stellar companions to 16 stars harbouring transiting exoplanets. The Lucky
Imaging technique uses very short exposures to obtain near diffraction-limited images
yielding sub-arcsecond sensitivity, allowing us to search for faint stellar companions
within the seeing disc of the primary planet host. Here we report the detection of two
candidate stellar companions to the planet host TrES-1 at separations < 6.5′′ and
we confirm stellar companions to CoRoT-2, CoRoT-3, TrES-2, TrES-4, and HAT-P-
7 already known in the literature. We do not confirm the candidate companions to
HAT-P-8 found via Lucky Imaging by Bergfors et al. (2013), however, most probably
because HAT-P-8 was observed in poor seeing conditions. Our detection sensitivity
limits allow us to place constraints on the spectral types and masses of the putative
bound companions to the planet host stars in our sample. If bound, the stellar com-
panions identified in this work would provide stringent observational constraints to
models of planet formation and evolution. In addition these companions could affect
the derived physical properties of the exoplanets in these systems.
Key words: instrumentation: high angular resolution – methods: observational –
stars: binaries –stars: planetary systems
1 INTRODUCTION
More than 800 extrasolar planets have been discovered to
date showing a large variety of physical and dynamical prop-
erties that are dramatically different from those observed in
our Solar System. This has revolutionised our understanding
of planetary formation, structure and evolution. One third of
the known gas giant planets orbit their host at separations
smaller than a few tenths of an AU (with orbital periods
P < 10 d). Among these, transiting systems are specially
important as they allow accurate measurements of masses,
radii, and hence densities, to be derived. These key param-
eters inform us of the system’s physical properties, and can
constrain theoretical evolutionary models (e.g. Guillot 2005;
Fortney et al. 2007; Burrows et al. 2007; Liu et al. 2008). In
? E-mail: f.faedi@warwick.ac.uk – Part of this work was carried
out while at Queens University Belfast 7
contrast to the planets in our Solar system, exoplanets show
a large variety of orbital properties, for example their orbital
eccentricities span a wide range e = 0–0.97 (e.g. HD 80606,
Pont et al. 2009 and Eggenberger et al. 2004; HAT-P-13,
Bakos et al. 2009). The close-in “hot Jupiters” show a large
angular distribution of (mis)alignments with respect to their
host stars’ rotation axis (Winn et al. 2010, 2011, Triaud et al.
2010, Morton & Johnson 2011), and some exoplanets even
have retrograde orbits (e.g. WASP-17, Anderson et al. 2010).
To explain the observed exoplanet orbital configura-
tions, different scenarios have been proposed for migrating
the planets inward from beyond the snow line to their ob-
served position. These migration mechanisms make different
predictions about the current orbital configurations of the
planetary systems. For example, planet-disc interaction via
angular momentum exchange (e.g. Lin et al. 1996, and Ida
& Lin 2004) results in damping any initial inclination of the
planetary orbit with respect to the disc (see e.g., Marzari
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& Nelson 2009; Watson et al. 2011). Alternatively, gravi-
tational interaction among multiple giant planets (planet-
planet scattering; e.g. Wu & Murray 2003, Nagasawa et al.
2008), and perturbations induced by a companion star or
a more distant massive planet (Kozai mechanisms, see Fab-
rycky & Tremaine 2007) result in orbital configurations with
large spin-orbit misalignments and large eccentricities. (Ra-
sio & Ford 1996; Weidenschilling & Marzari 1996, Chatterjee
et al. 2008).
Observational evidence for planet-disc migration is
found in multi-planetary systems with mean-motion reso-
nant orbits (e.g. GJ 876, Lee & Peale 2002; Crida et al.
2008). On the other hand, measurements of the Rossiter-
Mclaughlin effect1 (Rossiter 1924; McLaughlin 1924) suggest
that∼40% of transiting planets have highly tilted orbits pro-
viding supporting evidence for planet-planet scattering and
the Kozai migration mechanism (Winn et al. 2009; Winn
2010). Examples of systems with large spin-orbit misalign-
ments and/or high eccentricities are respectively WASP-17b,
(Anderson et al. 2010), HAT-P-7b (e.g., Winn et al. 2009),
and HD80806b (e.g., Pont et al. 2009; Eggenberger et al.
2004; He´brard et al. 2010). More recently Albrecht et al.
(2012) suggested that the Kozai mechanism is responsible
for the migration of the majority, if not all, hot Jupiters,
both mis-aligned and aligned, and that star-planet tidal in-
teraction plays a central role in shaping exoplanets orbital
configurations.
In this paper we present high-contrast, high-angular
resolution optical imaging for 16 stars harbouring transit-
ing extrasolar planets to search for faint stellar compan-
ions. Identifying binary companions to known planet hosts
can provide observational evidence to constrain the different
formation and evolution scenarios, as well as provide crucial
information for subsequent exoplanet characterisation (see
also Bergfors et al. 2013; Daemgen et al. 2009; Narita et al.
2012). The presence of a close-in stellar source to a transiting
planet host star, as in the case for WASP-12 (Bergfors et al.
2013, via Lucky Imaging), could affect the derived planetary
parameters by diluting the transit signal (see also Daem-
gen et al. 2009). For example, Crossfield et al. (2012) find
that WASP-12b is rather hotter and slightly larger (by 1–
2%) than previously reported, highlighting the importance
of high-resolution imaging for the characterisation of known
and newly discovered transiting planetary systems. Addi-
tionally, the presence of an M dwarf only 1′′ from WASP-12
might have contaminated past atmospheric measurements,
possibly challenging the detection of a high atmospheric
C/O ratio for WASP-12b (Madhusudhan et al. 2011, and
Crossfield et al. 2012, for a recent re-analysis).
The paper is organised as follows: in §2 we briefly de-
scribe our Lucky Imaging technique; §3 presents our Luck-
yCam observations; in §4 we explain the data reduction,
image analysis and candidate detection. Our results are pre-
sented in §5, including the non-detections in our sample. In
§6, we discuss the likelihood of the detected companions be-
ing bound to the planet hosts. Finally, we summarise our
findings and conclusions in §7.
1 See the Holt–Rossiter–McLaughlin Encyclopaedia;
http://www.aip.de/People/rheller/content/main spinorbit.html
2 LUCKY IMAGING TECHNIQUE
Lucky Imaging consists of the acquisition of short expo-
sures, at a rate of a few tens of frames per second, using
a very low-noise electron multiplying CCD camera (Fried
1978; Baldwin et al. 2001; Tubbs et al. 2002; Mackay et al.
2004; Law et al. 2006). This allows the rapid image mo-
tion due to atmospheric turbulence to be corrected. Because
the perturbations introduced by the atmosphere change on
timescales of a few milliseconds (known as the atmospheric
coherence time), with fast imaging each frame captures a
different point spread function (PSF) resulting from the at-
mospheric turbulence at that particular moment. By moni-
toring the rapid PSF variations, we can select high quality
short exposures from moments of excellent seeing. During
data reduction the best frames are selected, aligned and co-
added to produce a final image with a bright diffraction
limited core surrounded by a fainter seeing halo. Law et al.
(2006) give a detailed explanation on the Lucky Imaging
technique and the LuckyCam specifications.
3 OBSERVATIONS
Observations were obtained between July 18 and July 22,
2009 at the 2.56m Nordic Optical Telescope (NOT) at
the Roque de los Muchachos Observatory, La Palma, with
the Cambridge LuckyCam vistor instrument. Seeing ranged
from ∼ 0.6′′ to ∼ 1.65′′ as measured by the DIMM (at
500nm; Tokovinin 2002). All observations were made in the
SDSS i′ band, using a plate scale of 32.4 mas/pixel, provid-
ing good sampling of the PSF. The camera frame rate was
20.75 frames per second using full chip readout (1024 pixels
squared). Table 1 presents a summary of our observations.
Targets were often observed slightly off-centre on the CCD
detector to achieve better positioning of the mosaic field of
view for astrometric calibration. The target observed closest
to the CCD edge has an unbroken observation area of radius
6.5′′. Therefore, to give a uniform dataset we only list de-
tections within 6.5′′. However, we note that the planet host
HAT-P-1 (Bakos et al. 2007) is known to be part of a binary
system with a companion at ∼11′′, that was clearly detected
in our images at a separation r = 11.26 ± 0.03′′, although
this target is not discussed further in this paper.
We selected our sample to optimise the number of
planet host stars observable as by July 2009, in order to
cover a large parameter space of different stellar and plane-
tary properties. Detailed information on individual objects
is available from the Exoplanet Encyclopaedia 2. We present
our sample in Table 1, separating the planet host stars with
candidate companions detected in this work from those with-
out detections.
4 DATA REDUCTION, IMAGE ANALYSIS
AND CANDIDATE DETECTION
4.1 Data Reduction
The data were reduced using the LuckyCam pipeline. Stan-
dard bias correction, gain calibration, and cosmic ray re-
2 http://exoplanet.eu/
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Figure 1. Images of TrES-2 obtained with LuckyCam showing the image quality improvement due to the Lucky Imaging technique.
Left-hand panel is a simple average corresponding to a conventional long exposure. The middle and right-hand panels show images
resulting from re-centering and drizzling the short exposures with 100 percent and 5 percent selection cutoffs, respectively. All images
have the same log scale. The green bar depicts 1′′ line. Average seeing during these observations was 0.8′′.
Table 1. The sample of 16 stars harbouring transiting extrasolar planets studied in this paper. We list the spectral type and the
orbital eccentricity (e) 2, λ the measured spin-orbit (mis)alignment angle (data and references taken from the Rossiter-McLaughlin
encyclopaedia1), the number of observed frames and the total exposure times for the 100% selection images of LuckyCam, and the
average seeing at 500nm.
Target SpT e λ Nframes Texp seeing
(deg) (sec) (′′)
HAT-P-1 G0V 0.067 3.7± 2.1 5400 260 0.65
HAT-P-2 F8V 0.52 1.2± 13.4/0.2+12.2−12.5/9± 10 8000 384 0.99
HAT-P-5 G1V 0 − 9000 432 1.02
HAT-P-6 F8V 0 166± 10/165± 6 5000 240 0.66
HAT-P-8a F 0 −9.7+9.0−7.7/− 17+9.2−11.5 9100 437 1.51
HAT-P-11 K4V 0.19 103+22−18/103
+26
−10/106
+15
−11/97
+8
−4 6000 288 0.64
HD 209458 G0V 0 3.9+18−21/− 4.4± 1.4/− 5± 7 10000 480 0.96
WASP-3 F7V 0 13+9−7/3.3
+2.5
−4.4/5
+6
−5 10000 480 1.11
WASP-3 ” ” ” 5000 240 0.65
WASP-10 K5V 0.05 − 5000 240 0.74
XO-1 G1V 0 − 10000 480 0.79
Targets with candidate companions from this work
CoRoT-2b G7V 0 7.2± 4.5/− 1+6−7.7/4.7± 12.3 6000 288 1.37
CoRoT-3c F3V 0 −37.6+22.3−10 5174 248 1.44
HAT-P-7d F6V 0 182.5± 9.4/− 132.6+10.5−16.3/155± 37 5175 248 1.10
TrES-1 K0V 0 30± 21 7700 370 0.88
TrES-2e G0V 0 −9± 12 7000 336 0.83
TrES-4e F8V 0 6.3± 4.7 10000 480 1.12
a Candidate companion identified by Bergfors et al. (2013)
b Candidate companion identified by Alonso et al. (2008)
c Candidate companion identified by Deleuil et al. (2008)
d Candidate companion identified by Narita et al. (2010)
e Candidate companion identified by Daemgen et al. (2009)
moval was applied. The LuckyCam pipeline registers the
image motion of each exposure using an interpolated cross-
correlation algorithm (Law et al. 2006; Staley & Mackay
2010). The peak of the cross-correlation map provides a
proxy for the Strehl ratio (i.e. the peak value of the PSF di-
vided by the theoretical diffraction-limited value, commonly
used as a high-resolution imaging performance metric) and
estimates the relative exposure quality (Staley & Mackay
2010). For each data set, re-centred and drizzled (Fruchter
& Hook 2002) images are produced by the pipeline which
then selects and co-adds observed frames that meet the
image quality criteria as described in detail by Law et al.
(2006); Staley & Mackay (2010). This procedure yields two
images for each data set, the first obtained by co-adding
the sharpest 5% selection of the frames, and the second by
co-adding all exposures (100%; see for example Figure 1–
middle panel). When choosing the selection cutoff there is
a trade-off to be made between a smaller FWHM at low
percentage cutoffs (from fewer images with higher Strehl ra-
tio), and lower pixel noise at high percentage cutoffs, due
to longer cumulative exposure time. Figure 1 shows the im-
provement obtained with Lucky Imaging for the case of the
planet hosting star, TrES-2 (see also Law et al. 2006, Fig.2).
The NOT telescope is subject to aberrations and
c© 0000 RAS, MNRAS 000, 000–000
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Figure 2. Different stages of the analysis of HAT-P-7. Top-left:
The image output from the LuckyCam pipeline with the 5% selec-
tion criterion. Bottom-left: After PSF subtraction, step 1 of the
image analysis algorithm (described in section § 4.2). Top-right:
After background subtraction via a median boxcar filter (Step 2).
Bottom-right: After Gaussian convolution (Step 3). The identified
close companion to HAT-P-7 is circled (North is left and East is
down.)
does not yield near diffraction-limited images (see e.g.
http://www.not.iac.es/telescope/tti/imqual.pdf). A combi-
nation of small-scale mirror irregularities and chromatic dis-
persion effects limit the probability of obtaining diffraction-
limited images although the large number of images and the
random phase variation of the atmosphere can compensate
for slight aberrations and telescope focusing.
Additionally, our Lucky Imaging data do not show
“quasi-static speckles”, as in adaptive optics imaging (see
e.g. Marois et al. 2003; Boccaletti et al. 2003, 2004; Hink-
ley et al. 2007), that could be mistaken for faint compan-
ions. Our data were visually inspected in order to confirm
the presence of faint companion candidates throughout the
data reduction process. Furthermore, other possible causes
of false detection such as “ghosting” were not observed in
our data.
4.2 Image Analysis
The technique most widely applied when attempting to iden-
tify faint or crowded point sources in astronomical images
is that of PSF fitting and subtraction. A step crucial to this
process is the choice and evaluation of PSF models, which
may be derived semi-analytically (Dolphin 2000), empiri-
cally (Diolaiti et al. 2000), or by some combined analytical
model fit with empirical corrections (Stetson 1987). In the
case of Lucky Imaging we expect the PSF to be symmet-
ric, however it is not trivial to model the radial profile as
the PSF consists of a narrow core surrounded by a wide
halo (e.g., Hardy 1998). Our image analysis algorithm is de-
scribed below in three steps:
(1) PSF Subtraction: To create an axisymmetric,
semi-empirical model of the PSF we perform a Gaussian
fit of 9 pixels around the brightest, central pixel giving a
PSF central position to sub-pixel precision. The flux values
in the pixels around the nominal centre are collected into
bins (in radius) and a median and standard deviation are
evaluated at approximately one pixel-width radius intervals.
Any visually identified candidate in our images is masked
off during this process so as not to contaminate the PSF
model. The Gaussian fit is used within 1.5 pixels radius from
the PSF centre, while at larger radii the model is generated
using interpolated median values from the annulus bins.
Finally, the PSF model is subtracted from the original
image to give a residual image shown in Fig. 2 (bottom-left).
(2) Background Subtraction via Median Boxcar
Filter: After the axisymmetric PSF model has been
subtracted, some artefacts can remain in the image that
might hamper attempts to identify companion stars. In
order to validate our detections, we employed a median
boxcar filter to suppress any artefacts present. For every
pixel, the background level is estimated by taking the
median of all pixel values within a circular aperture of
radius 7 pixels (i.e. small enough to suppress localised
background variations, whilst remaining significantly larger
than the PSF core so that companion candidates are not
removed). The ‘background map’ of median values is then
subtracted from the residual image (see top-right, Fig. 2).
(3) Convolution with a Gaussian Profile: For this
relatively small dataset we visually inspected all the sources,
utilising a Gaussian convolution of the resulting images
from Step 2 to enhance visibility of any companion candi-
date (see bottom-right, Fig. 2). Once a candidate has been
re-identified, the location is inspected in images from all
stages of the image analysis process (i.e. reduced image, psf-
subtracted image, and background subtracted image) in or-
der to verify that the candidate is not a detector artefact or
arising from the image analysis process.
4.3 Candidate Detection
Our detection threshold was chosen to be 4 times the stan-
dard deviation of the background (σ) at any given concentric
circle at increasing separations from the centre of the planet
host. The sensitivity of our observations to detect stellar
companions at different angular separations from the pri-
mary planet host is given in Table 2. We place upper limits
in ∆i′ to the presence of stellar companions to all targets
at angular separations of 0.25′′, 0.5′′, 1′′, 2.5′′, and 6.5′′ from
the centre of the primary. The adopted 4σ–detection limits
depend on the exposure time and primary target magnitude
c© 0000 RAS, MNRAS 000, 000–000
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Figure 3. The effect of seeing conditions on our detection sen-
sitivity for the planet host star WASP-3. The first 10,000 ex-
posures were obtained with an average seeing of 1.11′′ and the
second 5,000 frames with an average seeing of 0.65′′. The data
set obtained during better seeing conditions shows an increase in
detection sensitivity, important at small separations within the
seeing disc of the primary star.
as well as seeing. This is exemplified in Figure 3 where we
plot our detection sensitivity as a function of angular sepa-
ration in the case of WASP-3 during observations obtained
over two consecutive nights with different seeing conditions.
The first set of 10,000 images were obtained with an average
seeing of 1.11′′ while the second 5,000 images were obtained
with an average seeing of 0.65′′. The effect of poorer image
quality is particularly evident at small separations within
the seeing disc of the planet host star. Even though, the
first set of data have twice the number of frames, the images
taken during better seeing conditions allow the detection of
companions ∆i′ =1.8 magnitudes fainter at a separation of
0.25′′. Figure 4 shows our average sensitivity. We depict our
results in black circles and our non-detections in red circles.
These are discussed in detail in Appendix A. Additionally
we report the minimum, average and maximum sensitivity
curves (grey dashed, dot-dashed lines) derived for the sam-
ple of host stars with no visually detected companions. Typi-
cally we can detect companions that are ∆i′ ∼ 4 magnitudes
fainter than the primary at a distance of 0.25′′. As expected,
our sensitivity to fainter companions increases with increas-
ing distance from the planet host.
Once a candidate companion has been identified, it is
verified as a bona fide stellar source by excluding it as a
product of the data and/or image analysis as follows. First,
the FWHM of the planet host is measured from our im-
ages. Second, the flux of the primary star is measured us-
ing a circular aperture of diameter 6×FWHM on these im-
ages. Third, on the PSF subtracted images, a Gaussian fit
is used to determine the central pixel position of the candi-
date companion. Then, the flux of the identified companion
is measured on the PSF subtracted image, similarly to the
primary flux measurement. Finally, the signal-to-noise ratio
(SNR) of the companion (see Table 3) is calculated taking
into account background and photon shot noise using the
following equation:
Figure 4. Average sensitivity of the LuckyCam survey (black
line). We indicate our detections with black circles and the three
non-detections discussed in Appendix A with red circles. The grey
dashed and the dot-dashed lines indicate our minimum, maximum
and average detection limits (see Table 2) for the sample of host
stars with no visual companion detected.
SNR =
F −Npixb√
Npixσ2a + F
(1)
where b and σ2a are the mean value and variance of the back-
ground pixels within the aperture of the companion, F is the
flux over the number of pixels in the photometric aperture,
Npix. The SNR values for the candidate companions identi-
fied in this work are given in Table 3.
5 RESULTS
In the sample of 16 transiting planet host stars we have de-
tected candidate companion stars for six planet hosts TrES-
1, TrES-2, TrES-4, HAT-P-7, CoRoT-2 and CoRoT-3. Each
candidate companion has been identified from visual inspec-
tion of the reduced Lucky Imaging frames as described in
section § 4.3. We summarise our results in Table 3 where
we give the relative photometry and astrometry of the com-
panion candidates. To have a uniform dataset we only list
detections within 6.5′′ from the centre of the planet host
star.
Our LuckyCam images clearly show the presence of two
candidate companions to the planet hosts star TrES-1, pre-
viously unknown. Figures 5 shows the LuckyCam images
for TrES-1 and the candidate companions identified in this
work.
Among our sample TrES-2, TrES-4 and HAT-P-7 have
previously published high-resolution Adaptive Optics (AO)
and/or Lucky Imaging observations showing the presence
of faint stellar companions (Daemgen et al. 2009; Narita
et al. 2010; Bergfors et al. 2013). Additionally, the com-
panion stars to CoRoT-3 (2MASS J19281330+0007135) and
CoRoT-2 (2MASS J19270636+0122577), have been iden-
tified in previous works see e.g. Deleuil et al. (2008) and
Alonso et al. (2008), Gillon et al. (2010), respectively. We
note that Deleuil et al. (2008) also mentions a second fainter
companion to CoRoT-3 at separation 5.6′′ . We do not re-
port this object in our discussion as it falls near the CCD
edge making our image analysis unreliable. The compan-
c© 0000 RAS, MNRAS 000, 000–000
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Table 2. The 4σ-detection limits (in ∆i′) for all stars in our
sample with and without detected companions at separations of
r = 0.25′′, 0.5′′, 1′′, 2.5′′, and 6.5′′.
4σ–detection limits (∆i′)
Target r(′′) 0.25 0.5 1.0 2.5 6.5
HAT-P-1 3.57 4.12 7.62 8.99 9.22
HAT-P-2 4.17 4.51 6.21 8.16 8.23
HAT-P-5 3.81 4.05 6.04 7.50 7.70
HAT-P-6 3.63 4.78 7.50 8.87 9.12
HAT-P-8 4.67 4.73 5.75 7.52 7.97
HAT-P-11 3.29 4.54 7.58 9.51 9.72
HD 209458 4.32 4.42 7.12 9.24 9.31
WASP-10 3.86 4.38 6.39 7.31 7.41
WASP-3b 4.36 4.03 7.08 8.78 9.18
WASP-3a 2.66 4.31 5.73 7.71 8.16
XO-1 3.39 4.03 6.80 8.05 8.19
Targets with candidate companions
CoRoT-2 4.43 4.71 5.36 6.26 6.37
CoRoT-3 4.90 5.09 5.51 5.92 5.89
HAT-P-7 4.14 4.51 5.55 7.43 7.91
TrES-1 4.11 4.52 7.03 7.97 8.02
TrES-2 4.40 5.14 6.82 7.50 7.50
TrES-4 4.19 4.26 6.15 7.86 7.99
a Derived from 10,000, compared to b 5,000.
Figure 5. The LuckyCam images for the planet host star TrES-
1. North is left and East is down. The two companions are clearly
visible in our images.
ion to CoRoT-2 and the two companions to HAT-P-7 have
also been confirmed to be bound to the planet-hosting stars,
forming wide binary systems (Schro¨ter et al. 2011; Narita
et al. 2012). We confirm previous findings for the com-
panions to TrES-2 and TrES-4, while for HAT-P-7 we can
only detect the brighter of the two companions found by
Narita et al. (2010, 2012). The authors estimated the fainter
companion to HAT-P-7 to be of spectral type M9− L0
(m2 ' 0.078 − 0.088 M) at a separation of 3.14 ± 0.01′′,
and therefore is below our detection limit for these observa-
tions, see Tables 2 and 4. Our results for the position angles,
spectral type determinations, and separations for the com-
panions to CoRoT-2, TrES-2, TrES-4 and HAT-P-7 agree
Table 3. Results for the planet hosting stars with detected candi-
date stellar companions from this work. From left to right we list
the name of the planet host, the angular separation of the candi-
date companion, the position angle, the ∆i′ magnitude, and the
SNR of the detected companion.
Target r PA ∆i′ SNR
(′′) (◦) (mag)
CoRoT-2 4.10± 0.03 208.4± 0.4 2.95± 0.03 41
CoRoT-3 5.24± 0.03 173.9± 0.4 3.0± 0.1 10
HAT-P-7 3.87± 0.03 90.4± 0.5 6.9± 0.1 10
TrES-1 4.95± 0.03 149.6± 0.5 6.02± 0.08 14
TrES-1 6.19± 0.03 47.4± 0.2 5.79± 0.07 17
TrES-2 1.11± 0.03 137± 2 3.97± 0.01 86
TrES-4 1.54± 0.03 1.2± 1.2 4.51± 0.02 52
with the results obtained by Alonso et al. (2008); Gillon
et al. (2010); Schro¨ter et al. (2011), Daemgen et al. (2009),
Narita et al. (2010, 2012), and Bergfors et al. (2013), and are
presented in Tables 5 and 6. In the case of the planet host
star HAT-P-8 we are unable to confirm the candidate com-
panion identified by Bergfors et al. (2013). The sensitivity
of our observations of HAT-P-8 at the separation of 1.027′′
would only allow us to detect companions two magnitudes
brighter than the detection reported by the authors.
5.1 Non-Detections
Our visual inspection of the LuckyCam images showed no
stellar companions to the following planet host stars: HAT-
P-1, HAT-P-2, HAT-P-5, HAT-P-6, HAT-P-8, HAT-P-11,
HD 209458, WASP-10, WASP-3, and XO-1. Our results are
in agreement with previous studies with the exception of
HAT-P-8 for which our reduced image quality does not al-
low the identification of the companion reported by Bergfors
et al. (2013). Finally, in the cases of HD 209458, HAT-P-
5, and HAT-P-6 our visual inspection of the images shows
possible candidate companions to the planet hosts, however,
after further consideration (discussed in appendix A), these
putative identifications are classified as non-detections.
6 STATISTICAL LIKELIHOOD OF
ASSOCIATION
The detection of faint stellar companions associated with our
targets could provide important observational constraints
for theoretical models of planet formation and evolution. We
used a statistical approach to investigate the probability of
each detected companion star being gravitationally bound to
the planet host. We first estimated the density of background
sources ρ(m) in a cone of 10′ around each target. Because
our targets are quite bright we used the 2MASS catalogue to
retrieve objects within the 10′ cone around the planet host
coordinates. Subsequently, we derive the probability that a
target star has a non-related background source within the
separation of the detected candidate companions. By using
a similar method to that adopted by Daemgen et al. (2009),
we used the 2MASS magnitudes to identify bright giant stars
in the ensemble of retrieved objects. We selected all objects
with J−Ks > 0.5 and with K < 15, which corresponds to
c© 0000 RAS, MNRAS 000, 000–000
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the background detection limit in these short accumulated
exposures (see Texp in Table 1)
3. There is a degeneracy in
the near-IR colours of giant and dwarf stars for early spectral
types (earlier than K7 or J−Ks > 0.5), but these become
distinct in two-colour diagrams for the latest spectral types
(Majewski et al. 2003). Juric´ et al. (2008) used a model
of our Galaxy to estimate the number of giant stars which
could be misidentified as main-sequence stars and found that
the overall bias in the estimated number density is ∼ 4%
within 500 pc. Finally, we used Equation 1 from Brandner
et al. (2000) to find the probability P(Θ,m) for an unrelated
source to be located within a certain angular distance Θ from
the target.
P(Θ,m) = 1− e−piρ(m)Θ2 (2)
where Θ is in arcsec and ρ(m) is the estimated density of
background sources within 10′ of the target. We calculated
P(Θ,m) for each star with a detected faint companion can-
didate. We also used our images to estimate the expected
number of sources in our images with background, not as-
sociated, companions (see column 6 of Table 5). We note
that all but the CoRoT targets have a very low probability
of contamination by background sources (see Table 5). The
CoRoT satellite observes alternatively towards the galac-
tic centre and anti-centre, thus increasing the probability of
contamination by background objects.
To further test the probability of chance alignment for
the binary pairs we used an independent statistical analy-
sis following the method described in (Dhital et al. 2010).
We calculated the frequency of unrelated pairings using a
Galactic model that is parameterised by an empirically mea-
sured stellar number density distribution in a 30′ × 30′ con-
ical volume centred on the candidate binary. The simulated
stellar distributions are constrained by empirical measure-
ments from the Sloan Digital Sky Survey (Juric´ et al. 2008;
Bochanski et al. 2010) and accurately accounts for the de-
crease in stellar number density with both galactocentric ra-
dius and galactic height. All the simulated stars are, by def-
inition, single and unrelated. Therefore, the total the num-
ber of simulated stars that are nearby to the candidate pri-
mary is the likelihood that the candidate binary is a chance
alignment. We performed 106 realisations for each of our six
candidate binaries. Table 5, column 6 and 8, show both es-
timated probabilities P(Θ,m) and PD10, respectively. Our
results strongly suggest that all the detected faint compan-
ions within 6.5′′ to our targets are not random chance align-
ments.
6.1 Companion Properties
Under the assumption that the detected companions are
bound to the planet host stars in our sample, we used
2MASS magnitudes, spectral types, and temperatures (Teff)
of the planet-host targets to derive spectral types and masses
for each candidate companion discussed in Section §5. We
first estimated absolute MJ, MH, MK magnitudes for each
planet-host star using their published distances and 2MASS
3 We note however, that for bright guide stars longer observations
would have allowed the detection of background sources as faint
as i′ ∼ 22 (see e.g. Law et al. 2006)
magnitudes. We then used the models given in Table 5 of
Kraus & Hillenbrand (2007), and models from Baraffe et al.
(1998) to evaluate the absolute i
′
magnitude for the planet
hosts interpolating within MJ, MH, MK, and Teff . In Ta-
ble 5 we give the estimated Mi′ , spectral types and masses
for each candidate companion. We note that the candidate
companions identified in this study have spectral types later
than K4 (see also Daemgen et al. 2009; Bergfors et al. 2013;
Narita et al. 2010; Schro¨ter et al. 2011), making them dif-
ficult to identify in optical spectra, as well as in optical,
seeing-limited photometry.
The faint stellar companions identified to TrES-1 have
separations from it larger than 2′′, sufficient to avoid blend-
ing effects during spectroscopic and photometric observa-
tions. Such effects in the case of TrES-2, TrES-4 and HAT-
P-7 have been investigated by Daemgen et al. (2009) and
Bergfors et al. (2013) and have been found to be not sig-
nificant. Under the assumptions above, we derived physical
separations, spectral types and masses for the companions
to TrES-2, TrES-4 and HAT-P-7 that are in agreement with
previous results (see Tables 5 and 6). For the companion to
CoRoT-2 the 2MASS magnitudes are J = 12.866± 0.033, H
= 12.234 ± 0.044, and K = 12.028 ± 0.031. Using the pub-
lished distance of CoRoT-2 and the models from Kraus &
Hillenbrand (2007) we obtain a spectral type of M0 (±1
SpT), in agreement with the estimate by Schro¨ter et al.
(2011).
The candidate companion to CoRoT-3 is also visi-
ble in 2MASS images Cutri et al. 2003, and both stars
are classified as 2MASS J19281330+0007135 and 2MASS
19281326+0007185, respectively. The near-IR magnitudes
of CoRoT-3 are J = 14.027 ± 0.036, H = 13.448 ± 0.045,
and K = 13.295 ± 0.043. The separation between the ob-
jects given in the 2MASS catalogue is 5.1±0.1′′, in position
angle 173◦, which are in good agreement with the value of
5.24 ± 0.03′′ obtained in this work. Our chance alignment
probability for CoRoT-3 is the highest amongst the values
derived in this work, however, the proper motions from the
NOMAD catalogue (Zacharias et al. 2005) for CoRoT-3 are
µα = −10.7 ± 5.6mas/yr and µδ = 21.8mas/yr, which over
the 9 yr span between the 2MASS and our observations give
a total proper motion of about 0.2′′. Therefore, our results
are consistent with the candidate companion being bound
to CoRoT-3. Assuming the object is at the same distance as
CoRoT-3 we derive a spectral type of K4 – K5 (see Table 4).
7 SUMMARY
To date several different hypotheses have been formulated
in order to explain the observed properties of planetary sys-
tems. Compared to our own solar system, gas giant planets
have been found with very short period orbits (P< 10d)
posing the problem and at the same time, providing evi-
dence of planetary migration (Lin et al. 1996, Wu & Mur-
ray 2003, Ida & Lin 2004, Nagasawa et al. 2008, Marzari
& Nelson 2009). The existence of giant planets in highly
eccentric orbits and the measurements of their spin-orbit
(mis)alignments demonstrate that there must be a number
of mechanisms capable of shaping the system orbital config-
uration. Although evidence for such mechanisms has been
provided (Winn et al. 2010, Triaud et al. 2010, He´brard et al.
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2010, Narita et al. 2010, Schlaufman 2010), it is not yet clear
which specific mechanisms are more important or act at a
particular time to sculpt the configuration of known plane-
tary systems. Recently Albrecht et al. (2012) suggested that
the Kozai mechanism is responsible for the migration of the
majority, if not all, hot Jupiters, those mis-aligned as well
as those aligned, and that star-planet tidal interaction plays
a central role in shaping exoplanets orbital configurations.
Moreover, Narita et al. (2012) suggest that the presence of
the two bound companion stars to HAT-P-7 can provide an
explanation of the planetary mis-aligned orbit via sequential
Kozai migration (Takeda et al. 2008). Thus, the detection of
faint companions to the planet hosts will provide important
observational evidence, fundamental for the understanding
of the formation and evolution of their planetary systems.
We have investigated the presence of faint stellar com-
panions within 6.5′′ of 16 host stars of transiting exoplanets
by means of the Lucky Imaging technique. We show that this
technique has the potential to detect faint stellar compan-
ions within the seeing disc (< 1′′) of bright primary stars.
We have identified faint candidate stellar companions
to six planet hosts. Over the range of brightness of the se-
lected planet host stars in our sample (3.50 < Mi′ < 5.47,
i.e. 7.65 < V < 14) we give 4-σ detection limits for puta-
tive companions at increasing separations of 0.25′′, 0.5′′, 1′′,
2.5′′ and 6.5′′ from the centre of the primary. For the targets
with no detections, we are able to exclude stellar compan-
ions of spectral types between M1 and M8 at separations
> 1′′, depending on the brightness of the primary and the
seeing at which the object was observed (see Fig. 4).
We have identified two faint candidate companions to
the planet host TrES-1 that have not been previously re-
ported, and our statistical analysis suggests that these stars
could be bound to the planet host. Assuming that all the
candidate companions are bound to the planet hosting stars,
we used the known distances together with models from
Kraus & Hillenbrand (2007), and models from Baraffe et al.
(1998) to estimate spectral types and masses. In the case of
TrES-1 we find the first companion at separation 4.95±0.03′′
to be of spectral type M5 (±1SpT) implying a mass of
0.15M. The second at separation of 6.19±0.03′′ is found to
be of spectral type M5 and mass between 0.2 and 0.15M.
In the case of CoRoT-3 we obtain a spectral type of K4–K5
and a stellar mass between 0.75 and 0.7M for the candidate
companion. For TrES-2, TrES-4, HAT-P-7, and CoRoT-2 we
confirm both known candidates as well as bound compan-
ions and our estimated spectral types and masses agree with
those found by Daemgen et al. (2009); Bergfors et al. (2013);
Narita et al. (2010) and Schro¨ter et al. (2011); Narita et al.
(2012). Overall, for our targets the epoch of observations ei-
ther coincide with that of previous works (e.g. Bergfors et al.
2013; Narita et al. 2012), or only allow a short temporal
separation with respect to archival and published observa-
tions. Given the precision of our astrometry and the relative
proper motions of the target stars this does not allow any ro-
bust conclusion on the binarity of the detected companions.
Therefore, additional high-resolution high-contrast imaging
observations are necessary in order to robustly confirm if the
companions observed in this and previous works are bound
the the planet host stars.
Finally, we discuss in an Appendix the cases of HD
209458, HAT-P-5 and HAT-P-6, for which possible stellar
companions were initially visual identified in our images but
subsequently classified as non-detections after further anal-
ysis was carried out.
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Table 4. Upper limits for companions’ spectral types and masses for the 16 planet host stars in our sample at separations r =
0.25′′, 0.5′′, 1′′, 2.5′′, and 6.5′′ from the primary.
r = 0.25′′ r = 0.5′′ r = 1′′ r = 2.5′′ r = 6.5′′
Target Sp.T m2 Sp.T m2 Sp.T m2 Sp.T m2 Sp.T m2
±1 M ±1 M ±1 M ±1 M ±1 M
HAT-P-1 K7–M0 0.63–0.59 M1–M2 0.54–0.42 M5 0.15 M7 0.11 M7 0.11
HAT-P-2 M0–M1 0.59–0.54 M1–M2 0.54–0.42 M4–M5 0.20–0.15 M7 0.11 M7 0.11
HAT-P-5 M0 0.59 M1 0.54 M4–M5 0.20–0.15 M6 0.12 M6 0.12
HAT-P-6 M0 0.59 M2 0.42 M5 0.15 M6 0.12 M7 0.11
HAT-P-8 M2 0.42 M2 0.42 M4 0.20 M6 0.12 M6 0.12
HAT-P-11 M2 0.42 M5 0.15 M6–M7 0.12–0.11 L0 0.078 >L0 <0.078
HD 209458 M1–M2 0.54–0.42 M2 0.42 M5 0.15 M6–M7 0.12–0.11 M7 0.11
WASP-3a K5 0.70 M1 0.54 M4–M5 0.20–0.15 M6 0.12 M6 0.12
WASP-3b M0 0.59 M0–M1 0.59–0.54 M4 0.20 M7 0.11 M7 0.11
WASP-10 M4 0.20 M4–M5 0.20–0.15 M6–M7 0.12–0.11 M8 0.102 M8 0.102
XO-1 K7 0.63 M1–M2 0.54–0.42 M5 0.15 M6–M7 0.12–0.11 M6–M7 0.12–0.11
Targets with companion candidates
CoRoT-2 M2–M3 0.42–0.29 M3 0.29 M4 0.20 M4–M5 0.20–0.15 M5 0.15
CoRoT-3 M2 0.42 M1 0.54 M2 0.42 M3 0.29 M3 0.29
HAT-P-7 M1 0.54 M1 0.54 M3–M4 0.29–0.20 M5–M6 0.15–0.12 M6 0.12
TrES-1 M2–M3 0.42–0.29 M3–M4 0.29–0.20 M6 0.12 M7–M8 0.11–0.102 M7 0.11
TrES-2 M1–M2 0.54–0.42 M3 0.29 M5 0.15 M6–M7 0.12–0.11 M6–M7 0.12–0.11
TrES-4 M0 0.59 M1 0.54 M4–M5 0.20–0.15 M6 0.12 M6–M7 0.12–0.11
Table 5. Companion candidates for 6 planet host stars. From left to right we list the name of the planet host star, separation angle,
the position angle, the ∆i′ for the detected companions, the SNR of the detected companion, the probability for the companion to be a
chance alignment (P(Θ,m)) and the expected number of sources with an unrelated background companion (Ebg), the probability of a
chance alignment detection as estimated by Dhital et al. (2010), the planet host’s distance (pc), and finally the companion separation in
AU, assuming the value is a lower limit.
Target r PA ∆i′ SNR P(Θ,m) Ebg PD10 Dist. Sep.
(′′) (◦) (mag) (%) (%) (pc) (AU)
CoRoT-2 4.10± 0.03 208.4± 0.4 2.95± 0.03 41 3.17 0.22 1.18 270± 120 1108± 492
CoRoT-3 5.24± 0.03 173.9± 0.4 3.0± 0.1 10 4.05 0.12 1.72 680± 160 3562± 838
HAT-P-7 3.87± 0.03 90.4± 0.5 6.9± 0.1 10 0.03 0.004 0.2 320± 50 1238± 193
TrES-1 4.95± 0.03 149.6± 0.5 6.02± 0.08 14 0.82 0.025 0.04 150± 6 743± 30
TrES-1 6.19± 0.03 47.4± 0.2 5.79± 0.07 17 1.29 0.039 0.06 150± 6 929± 37
TrES-2 1.11± 0.03 137± 2 3.97± 0.01 86 0.03 0.0005 0 220± 10 244± 13
TrES-4 1.54± 0.03 1.2± 1.2 4.51± 0.02 52 0.03 0.0007 0 479± 26 740± 43
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APPENDIX A: NON DETECTIONS WITH
VISUAL IDENTIFICATIONS
(i) HD 209458: For the planet host star HD 209458,
slight aberration effects are evident in our images resulting
from small scale mirror irregularities of the NOT, and
chromatic dispersion effects (Law et al. 2006). These effects
are more pronounced in the images of bright targets like HD
209458 (V=7.63; Høg et al. 2000). The possible detection
was present in all four stages of our image analysis at a
separation of 1.66′′ (within the seeing disc of the primary
star) and position angle 241 ± 1◦ with ∆i′ = 7.57 (SNR
∼20). Figure A1 presents the PSF subtraction and the
Gaussian convolution steps for HD 209458 showing evidence
of the non-axisymmetric PSF, and of the possible detection.
Figure A2 shows our sensitivity as a function of separation
from the centre of the primary target. Our possible detec-
tion is well above our sensitivity limit at the separation
of 1.66′′. However, any identification in our images within
the seeing disc of the planet host is investigated further for
possible artefacts. VLT+NACO images in the H-band for
HD 209458 are publicly available from the ESO archive4.
Our analysis of these NACO near-infrared adaptive optic
data do not show any evidence of a stellar companion at the
position of our possible detection. We would have expected
any stellar companion to be brighter in the near-infrared,
and thus be readily identifiable in the NACO photometry.
This is also in agreement with the non detection in the
Lucky Imaging observations by Daemgen et al. (2009)
and Bergfors et al. (2013). Therefore, we conclude that
the possible detection is most likely spurious due to the
limited image quality for HD 209458, resulting from the
seeing conditions, the number of frames, and the optical
characteristics of the NOT.
(ii) HAT-P-5: During our image analysis procedure
and visual inspection of the images for the planet host
HAT-P-5 we have identified a candidate companion with
∆i′ = 7.9 (SNR∼1.9) at a separation of 4.25′′ from the
centre of the primary star and position angle 268.5 ± 0.4◦.
Figure A3 shows the image from the 5% best LuckyCam
frames for HAT-P-5 (left), and the Step 3 (right) of the
image analysis where the candidate companion is clearly
visible. The measured ∆i′ is 0.14 magnitude below our 4-σ
4 ESO Archive: http://archive.eso.org/cms.html
Figure A1. Spurious detection for HD 209458 at a separation of
1.66′′ with a ∆i′ = 7.57. Left panel: Image after PSF subtraction
(Step 1 of image analysis). Right panel: Image after Gaussian
convolution (Step 3). The green cross marks the centre of the
primary star, whereas circled in green is the spurious detection
most likely due to our image quality.
Figure A2. Sensitivity curve as function of distance from the
primary plant host star HD 209458 derived for the 5% best-frame
selection. The vertical and horizontal grey-solid lines indicate the
angular separation (r = 1.66′′), and ∆i′ = 5.57 of the possible
detection, respectively. Our sensitivity at the angular separation
of 1.66′′ is ∆i′ = 8.9.
Figure A3. Non-detection for HAT-P-5. Left panel: LuckyCam
5%-frame selection image for HAT-P-5 (Step 1). Right panel: The
Gaussian convolution image (Step 3). The green cross marks the
location of the centre of the primary star, the tentative companion
is circled in green.
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Figure A4. Non-detection for HAT-P-6. Left panel: LuckyCam
5%-frame selection image for HAT-P-6 (Step 1). Right panel: The
Gaussian convolution image (Step 3). The green cross marks the
location of the centre of the primary star, the tentative companion
is circled in green.
detection cut-off at the separation of 4.25′′, thus it was
classified as a non-detection.
(iii) HAT-P-6: In the images of the planet host HAT-P-
6, a candidate companion with ∆i′ ≈ 10.7 (corresponding
to a SNR ∼0.4) at a separation of 6.4′′ is identified by visual
inspection. For example, Figure A4 shows the LuckyCam
images for Step 1 (left) and Step 3 (right) of the image
analysis where the candidate companion is clearly visible.
However, the measured ∆i′ of the putative companion is
more than one magnitude below the 4-σ detection threshold
at that separation from the centre of the primary (see
Table 2), thus it is considered a non-detection.
In the case of HAT-P-5 and HAT-P-6 our image sensitivity
does not allow us to reliably detect the putative companions.
However, because our images clearly show the presence of
possible companions at large separations from the primary,
these might be real and worth further investigation.
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